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The biosynthesis of cyanogenic glucosides ( Fig. 1 ) involves intermediates that belong to groups of compounds not generally expected to be produced in living organisms. We have used sorghum (Sorghum bicolor L. Moench), which contains the cyanogenic glucoside dhurrin, as a model plant to study this biosynthetic pathway. Of major importance has been the use of differently prepared microsomes isolated from etiolated sorghum seedlings (McFarlane et al., 1975) . When prepared in the presence of a reducing agent (with SH microsomes), the microsomes catalyze the conversion of Tyr to p-hydroxymandelonitrile. In vivo, phydroxymandelonitrile is subsequently converted into dhurrin by a soluble UDPG glucosyltransferase (Reay and Conn, 1974) . In vitro, p-hydroxymandelonitrile dissociates into aldehyde and hydrogen cyanide.
When prepared in the absence of a reducing agent (without SH microsomes), the microsomes convert Tyr to oxime, which shows that the oxime-metabolizing enzyme is labile (McFarlane et al., 1975; Marller and Conn, 1979) . Analyses of the photoreversible CO inhibition of the metabolism of the individual intermediates using microsomes with or without SH showed that two Cyt P450 monooxygenases are involved in the pathway (Halkier and Marller, 1991) . The first P450 is an N-hydroxylase involved in the conversion of Tyr to N-hydroxytyrosine. The Tyr N-hydroxylase has subsequently been isolated, reconstituted, cloned, heterologously expressed in Escherichiu cozi (Sibbesen et al., 1994 (Sibbesen et al., , 1995 Halkier et al., 1995; Koch et al., 1995) , and identified as a multifunctional N-hydroxylase converting Tyr a11 the way to (Z)-oxime (Sibbesen et al., 1995) . Thus, this P450 mediates two consecutive N-hydroxylation reactions, a decarboxylation and a dehydration reaction. The primary structure of the Tyr N-hydroxylase differs significantly from that of other P450s involved in secondary metabolism, especially in the heme-and oxygen-binding regions, and was assigned the first member of the CYP79 family.
The second P450 involved in cyanogenic glucoside biosynthesis in sorghum is associated with the last part of the membrane-bound reactions, the conversion of oxime into p-hydroxymandelonitrile. In chemical terms this conversion is a dehydration followed by a C-hydroxylation reaction with nitrile as an intermediate. This was shown using a microsomal enzyme system to which labeled L-Tyr was administered. Under these conditions it was possible to trap radiolabeled oxime and nitrile, whereas labeling could not be trapped in 2-hydroxy(p-hydroxyphenyl)acetaldoxime (Shimada and Conn, 1977) . If the hydroxylation had preceded the dehydration step, 2-hydroxy(p-hydroxyphenyl) acetaldoxime would have been an intermediate. Unexpectedly, the dehydration and the C-hydroxylation was found to Plant Physiol. Vol. 11 5. 1997 be dependent on the presence of NADPH (McFarlane et al., 1975; Shimada and Conn, 1977; Halkier and Merller, 1991) and to be photoreversibly inhibited by CO (Halkier and Meller, 1991) , characteristics of a P450-catalyzed reaction.
Stoichiometric measurements of the oxygen consumption had previously shown that two oxygen molecules are consumed in the conversion of L-Tyr to (Z)-oxime, whereas a single molecule of oxygen is consumed in the conversion of the (Z)-oxime to p-hydroxymandelonitrile (Halkier and Merller, 1990) . The corresponding consumption of NADPH has not been determined because of the formation of an addition product between the enzymatically produced NADPt and the cyanide formed in the reaction mixture during incubation (Colowick et al., 1951) . The addition product has an absorption maximum at 325 nm and interferes with spectrophotometric NADPH determination at 340 nm (Halkier et al., 1988) .
The aim of the present study was to isolate the enzyme system that catalyzes the conversion of oxime to phydroxymandelonitrile ( Fig. 1) . We report the isolation and reconstitution of a P450, designated P450ox, that catalyzes the dehydration of oxime and the C-hydroxylation of nitrile. By the combined insertion of CYP79, P45Oox, and NADPH-P450 oxidoreductase in artificial lipid micelles in the presence of a soluble UDPG glucosyltransferase, Tyr, UDPG, and NADPH, we demonstrate the in vitro reconstitution of the entire biosynthetic pathway for the cyanogenic glucoside dhurrin from its parent amino acid, Tyr. The fact that the conversions mediated by the sorghum microsomes are catalyzed by two multifunctional P450s explains why the pathway was previously found to be channeled.
MATERIALS AND METHODS
Castanospermine was a kind gift from Dr. Robert J. Nash (Institute of Grassland and Environmental Research, Aberystwyth, UK). Dhurrin and p-glucopyranosyloxymandelonitrile were kind gifts from Dr. Eric E. Conn (Department of Biochemistry and Biophysics, University of California, Davis). Renex 690 (Synperonic NP10) was kindly donated by J. Lorentzen (Kvistgaard, Denmark).
RTX-100 was obtained from Aldrich. (Z)-oxime was synthesized by a pinacol-pinacolon-type rearrangement of synephrine to give p-hydroxyphenylacetaldehyde (Robbins, 1966) , which was then reacted with hydroxylamine at pH 6.0 to produce the aldehyde oxime (Merller and Conn, 1979) . A11 other chemicals were from Sigma. Seeds of sorghum (Sovghum bicolor L. Moench cv SSlOOO) were purchased from Agripro (Hereford, TX).
General Methods
Fractionation of P450s and other proteins during column chromatography was monitored at 420 and 280 nm, respectively (UVIS 204 monitor, Linear Instruments, Reno, NV). The spectrophotometer used was a model DW-2000TM (SLM Instruments, Urbana, IL). Total P450 was quantified by difference spectroscopy using an extinction coefficient spectra were recorded according to the method of Jefcoate (1978) . SDS-PAGE was performed using high-Tris linear 8 to 25% SDS-polyacrylamide gradient gels (Mini-Protean 11, Bio-Rad) (Fling and Gregerson, 1986) , and polypeptides were visualized by staining with Coomassie brilliant blue.
Preparation of [L~-'~C]Oxime
Radiolabeled oxime was produced enzymatically from ~-[u-'~C]Tyr by reconstitution (Sibbesen et al., 1995) of purified recombinant CYP79 . Preparative HPLC and solid-state scintillation counting were performed as described previously (Halkier et al., 1989) except that the isocratic elution of the reverse-phase Nucleosil 100-10 C,, column was performed using a mobile phase composed of 4% 2-propanol in 25 mM Tricine, pH 7.9, at a flow rate of 2 mL/min.
lsolation of P450ox
A11 steps involving the preparation of microsomes and the purification of enzyme were carried out at 4°C unless otherwise stated. A11 buffers were degassed by stirring in vamo and flushed with argon.
Microsomes (400 mg of protein in 20 mL) were prepared from a total of 800 g of approximately 3-cm-high, darkgrown sorghum seedlings as previously described (Halkier and Mdler, 1989) , frozen in liquid N,, and stored at -8O'C until use. The microsomes were diluted to 100 mL with a buffer composed of 10 mM KP,, pH 7.9,8.9% (v/v) glycerol, 0.2 mM EDTA, and 2 mM DTT. The P450s were solubilized by slow addition at constant stirring of 100 mL of 10 mM KP,, pH 7.9,8.9% (v/v) glycerol, 0.2 mM EDTA, 2 mM DTT, 0.1% (v/v) RTX-100, and 2% (v/v) Renex. After additional stirring for 30 min and ultracentrifugation (150,00Og, 35 min), the supernatant (190 mL) was applied (flow rate of 100 mL/h) to a column (5 X 5 cm) of DEAE-Sepharose and FF/S-100 Sepharose (20:80 wet volumes, Pharmacia) (Sibbesen et al., 1994) The column was washed with 150 mL of buffer I. P450ox binds weakly to the column and was essentially recovered in the run-through and wash fractions. Fractions containing P45Oox were identified by their A420, their CO-binding spectra, and their ability to metabolize oxime in reconstitution experiments (see "Reconstitution of P45Oox"). The combined fractions (200 mL) were adjusted to 30% (v/v) glycerol and 6% Triton X-114 by dropwise addition during constant stirring of appropriate amounts of a mixture of glycerol and Triton X-114, and subjected to temperatureinduced (25°C) Triton X-114 phase partitioning (WerckReichhart et al., 1991; Halkier et al., 1995) . Centrifugation (25 min, 25"C, 24,50Og, no brake) produced a yellow upper phase and a clear lower phase. The lower phase was diluted 2.5-fold to 350 mL with buffer I1 (40 mM KP, , pH 7.9, 8.9% [v/v] glycerol, 5 mM EDTA, 2 mM DTT, 1% [w/v] 3-[ (3-cholamidopropyl)-dimethylammonio]-l-propanesulfonate) and applied (flow rate of 70 mL/h) to a column (1.9 cm X 5 cm) of Cibacron blue 3GA-agarose (Sigma) equilibrated in buffer 11.
The column was washed with 50 mL of buffer 11, and the retained P450 was eluted with a O to 1.5 M KC1 linear gradient (60 mL) in buffer 11. The fractions that by SDS-PAGE showed the presence of a single polypeptide band in the 50-to 60-kD region were combined and dialyzed under N, for 24 h against 1 L of 10 mM KP, , pH 7.9, 8.9% (v/v) glycerol, 5 mM EDTA, and 2 mM DTT to reduce the salt and detergent content. The enzyme preparation was frozen in liquid N, and stored at -80°C.
Peptide Ceneration and N-Terminal Sequencing
The protein band corresponding to the P450 isolated from the Cibacron blue 3GA-agarose column was excised from 8 to 25% SDS-polyacrylamide gels and electroeluted as previously described (Kahn et al., 1996) . The electroeluted protein was digested with endoproteinase Glu-C (protease V8 sequencing grade, 18 h, 23°C) according to the manufacturer (Boehringer Mannheim) using an approximately 1:lOO weight ratio between proteinase and protein.
The electroeluted protein and the digested protein sample were subjected to SDS-PAGE, and the protein and fragments were transferred to ProBlott membranes (Applied Biosystems) as described previously (Kahn et al., 1996) . Coomassie blue-stained regions of the membrane were excised and subjected to N-terminal amino acid sequencing on a sequenator (model 470A, Applied Biosystems) equipped with an online phenylthiohydantoin amino acid analyzer (model 120A, Applied Biosystems).
lsolation of the NADPH-P450 Oxidoreductase
The NADPH-P450 oxidoreductase bound to the DEAESepharose FF/ S-100-Sepharose column was eluted by augmenting buffer I with 0.5 M KC1. The reductase was subsequently purified to homogeneity on a column of 2',5'-ADP-Sepharose 48 (Pharmacia), as previously reported (Sibbesen et al., 1995) , and concentrated to approximately 15 units/mL (Benveniste et al., 1986) .
Preparation of Soluble UDPC Glucosyltransferase
The glucosyltransferase was partially purified by ammonium sulfate fractionation of a 250-mL aliquot of the 100,OOOg supernatant obtained during the preparation of microsomes (Reay and Com, 1974; McFarlane et al., 1975) . The glucosyltransferase fraction precipitated between 40 and 60% ammonium sulfate, and was dissolved in 5 mL of 50 mM Tricine, pH 7.9, 2 mM DTT, and dialyzed against 2 L of the same buffer overnight.
Reconstitution of P450ox
The reaction mixtures contained 10 pL of isolated and mmol). The final volume was adjusted to 30 /uL using 50 mM Tricine, pH 7.9, and the enzyme reaction was initiated by the addition of 1 juL of NADPH (25 mg/mL). After incubation (1 h, 30°C) the reaction mixtures were applied to silica TLC sheets (Silica Gel 60 F 2S4 , Merck, Darmstadt, Germany), which were eluted with ethyl acetate/toluene (1:5, v/v). Radioactive components were visualized using a phosphor imager (Storm 840, Molecular Dynamics, Sunnyvale, CA).
Reconstitution of the Entire Pathway for Dhurrin Synthesis
The complete reaction mixtures contained 3 /j,L of isolated, recombinant CYP79 (6 pmol) , 10 /J.L of isolated, dialyzed P450ox (approximately 0.4 pmol), 5 /xL of NADPH-P450 oxidoreductase (0.075 unit), 1 jxL of partially purified UDPG glucosyltransferase, 5 /xL of DLPC (10 mg/mL in 50 mM KPi, pH 7.0), 0.25 /xL of [U-
14 C]Tyr (0.05 jaCi//j,L, 443 mCi/mmol, Amersham), 3 juL of UDPG (33 mg/mL in 50 mM KPj, pH 7), and 3 /xL of castanospermine (2 mM in 50 mM KPj, pH 7). The components were mixed and the final volume adjusted to 30 p,L with 50 mM KP; (pH 7.0). The enzyme reaction was initiated with 1 /uL of NADPH (25 mg/mL).
Reconstitution of dhurrin synthesis from the P450ox step was achieved using assays containing either 0.5 /nL of [U- . Except for the omission of CYP79, the other components were unchanged. All reaction mixtures were prepared as duplicates. After incubation (1 h, 30°C), each set of reaction mixtures was applied to TLC sheets. The first set of reaction mixtures was analyzed using the ethyl acetate/toluene solvent as described above. The second set of reaction mixtures was analyzed using a solvent system consisting of ethyl acetate:acetone:dichloromethane:methanol:water (20:15:6:5:4, v/v) to achieve separation of the hydrophilic product dhurrin from Tyr and from the hydrophobic intermediates. Radiolabeled substrates and products were visualized using the phosphor imager.
RESULTS

Purification of P450ox
P450ox was purified using microsomal membranes obtained from etiolated sorghum seedlings. After solubilization of the microsomal proteins with Renex and RTX-100, the proteins were fractionated using ion-exchange chromatography, temperature-induced Triton X-114 phase partitioning, and dye-affinity column chromatography (Fig. 2) . Under the experimental conditions used, CYP79 and CYP51 (obtusifoliol 14a-demethylase) had previously been shown to bind to the ion-exchange column. (Sibbesen et al., 1994; Kahn et al., 1996) . Unexpectedly, P450ox was not retained on the column, but co-eluted with the yellow pigments in the run-through and wash fractions. The presence of yellow pigments prevents the binding of P450ox to a number of different column materials and thus constitutes a major obstacle toward further purification.
Separation of P450ox from the yellow pigments was accomplished by temperature-induced Triton X-114 phase partitioning. The method was optimized with respect to P450ox recovery and removal of pigments by increasing the amount of Triton X-114. At 6%, which is 6-to 10-fold the level used for other P450s (Werck-Reichhart et al., 1991) , approximately 80% of the P450ox activity partitions to the clear lower phase. Little purification besides the removal of yellow pigments was achieved in this purification step. However, when the lower phase containing P450ox was applied to a Cibacron blue dye column, saltgradient elution produced nearly homogeneous P450ox as judged from the presence of a major Coomassie bluestained band with an apparent molecular mass of 55 kD (Fig. 2 ) in those fractions that by reconstitution showed P450ox activity.
N-terminal amino acid sequencing produced two sequences, which could be read independently because of their difference in relative abundance. A database search (BLAST; Altschul et al., 1990) showed the sequence -GLVKEGVDMEEGTL to differ only in a single position from the N-terminal sequence of the )3 subunit of the vacuolar ATPase of barley (Hordeum vulgare), which is MGLVKEGADMEEGTL (accession no. L11862). The barley j3 subunit has a predicted molecular mass of 54 kD (Berkelman et al., 1994) . A monoclonal antibody raised against the /3 subunit of the vacuolar ATPase from oat roots was provided by Dr. Heven Sze. Accordingly, the j3 subunit could be depleted from the P450ox preparation by immobilization on antibody-coated microtiter wells. This approach permitted unambiguous determination of the Nterminal amino acid sequence of P450ox as -ATTATPQLL-GGSVP, and also provided the sequence of one internal P450ox peptide fragment, MDRLVADLDRAAA. The isolated P450 produced a CO spectrum with an absorption peak at 450 nm (Fig. 3) , but a relatively large part of the isolated P450 was present in the denatured P420 form (Imai and Sato, 1967) . Quantitative determination of the total content and specific activity of P450ox at the different steps in the isolation procedure was hampered by the continuous conversion of P450ox into the P420 form. In addition, the specific activity of P450ox is affected by the inhibitory effects exerted by the different detergents used. The total P450 content of the fractions as indicated in Figure 2 is therefore to be considered semiquantitative.
Reconstitution
The ability of the different column fractions to metabolize radiolabeled oxime was monitored throughout the purification procedure to identify the presence of P45Oox in the fractions. Reconstitution of P45Oox with NADPH-P450 oxidoreductase in DLPC micelles in the presence of radiolabeled oxime and NADPH resulted in the production of nitrile and aldehyde (Fig. 4 , A, lane 2, and B, lane 5), the latter being a dissociation product of p-hydroxymandelonitrile (Fig. 1) . This demonstrates that P450ox catalyzes both the conversion of oxime to nitrile and the conversion of nitrile to p-hydroxymandelonitrile. The P45Oox activity was strictly dependent of the presence of NADPH-P450 oxidoreductase and NADPH (Fig. 4B, lanes 6 and 7) . Sodium dithionite (10 mM) did not support metabolism of oxime (Fig. 48, lanes 7 and 8) . Omission of dialysis of the enzyme before reconstitution caused a relative increase in the accumulation of nitrile compared with aldehyde (results not shown).
CYP79 is the multifunctional P450 that catalyzes the conversion of Tyr to oxime in the biosynthetic pathway of dhurrin (Fig. 4A, lane 1) . The combined use of isolated CYP79 and P450ox in reconstitution experiments with radiolabeled Tyr as a substrate results in the production of nitrile and aldehyde (Fig. 4A, lane 3) . This demonstrates that CYP79 and P45Oox are able to act together in vitro. The oxime produced by CYP79 is thus effectively used as a substrate by P450ox. No activity was observed in the absence of NADPH-P450 oxidoreductase (Fig. 4A, lane 4) or NADPH (not shown). In vitro production of dhurrin using oxime as a substrate was accomplished by reconstitution of P45Oox with the partially purified soluble UDPG glucosyltransferase in the presence of NADPH and UDPG. The radiolabeled oxime applied was fully metabolized (Fig. 4C, lanes 9-11) . Castanospermine was added to inhibit the p-glucosidase activity present in the UDPG glucosyltransferase extract (Saul et al., 1983; Scofield et al., 1990) . In addition to the TLC system used above for separation of hydrophobic compounds, an additional TLC system was introduced for the separation of hydrophilic compounds such as dhurrin (Fig. 4D) .
The p-hydroxymandelonitrile formed in the reconstitution assay was partly converted to dhurrin, as demonstrated by the formation of a radiolabeled compound comigrating with authentic dhurrin (Fig. 4D, lane 11) . The assignment of this radiolabeled compound as dhurrin was further substantiated by its breakdown in the absence of castanospermine (compare Fig. 4D , lane 10 with lane ll), and by the formation of a co-migrating radiolabeled product when the experiment was repeated with radiolabeled UDPG instead of radiolabeled oxime (Fig. 4D, lane 16) . The radiolabeled UDPG unspecifically labeled a range of relatively hydrophilic compounds (Fig. 4D, lanes 15 and 16) . Because of the lability of p-hydroxymandelonitrile, its conversion to dhurrin is experimentally detected as a disappearance of aldehyde (Fig. 4D, lanes 10 and 11) . When radiolabeled oxime was used as substrate, a number of unidentified, hydrophobic, radiolabeled compounds were produced in addition to dhurrin (Fig. 4D, lanes 9-11) . The formation of these compounds occurs in the absence of UDPG but requires the presence of the soluble extract (Fig.  4D, lane 9) , which indicates that the UDPG glucosyltransferase extract contains additional enzymatic activities.
Glucosylation of the phenolic group of p-hydroxymandelonitrile would result in the formation of p-glucopyranosyloxymandelonitrile (Abro1 and Conn, 1966; Reay and Conn, 1974) . No radiolabeled product co-migrating with an authentic standard of p-glucopyranosyloxymandelonitrile was observed (data not shown). The pglucosidase activity present in the UDPG glucosyltransferase extract was efficiently inhibited by castanospermine (compare Fig. 4D, lane 10 with lane 11) .
The entire dhurrin biosynthetic pathway, starting from its parent amino acid, Tyr, was reconstituted in vitro by combining CYP79, P450ox, and NADPH-P450 oxidoreductase in DLPC micelles with UDPG glucosyltransferase, Tyr, NADPH, UDPG, and castanospermine. Tyr is converted by CYP79 to oxime (Fig. 4C, lanes 12-14) , which is further converted to nitrile and aldehyde (the dissociation product of p-hydroxymandelonitrile) by P450ox. Some nitrile accumulates, whereas a11 of the p-hydroxymandelonitrile formed is converted to dhurrin (Fig. 4D, lane 14) and some unidentified compounds (Fig. 4D, lane 14) . In this set of experiments, the stoichiometric ratio between CYP79 and P45Oox was approximately 15. It is therefore not surprising to detect the accumulation of the oxime in the reconstitu- tion assay (Fig. 4C, lanes 12-14) . The observed accumulation of nitrile (Fig. 4C, lanes 9-14) is unexpected because previous experiments with sorghum microsomes have shown that nitrile does not accumulate and is difficult to trap (McFarlane et al., 1975; Shimada and Conn, 1977) . Partial denaturation or inactivation of the isolated P450ox may explain why nitrile accumulates in the reconstitution experiments with isolated P450ox.
Substrate Binding
P450ox was shown to convert oxime to p-hydroxymandelonitrile with nitrile as an intermediate. This prompted us to investigate closer the substrate-binding ability of P450ox. No substrate-binding spectrum was obtained upon the addition of nitrile. A reverse type I spectrum with an absorption minimum at 380 nm and a maximum at 420 nm was obtained with oxime, suggesting a shift from a high to a low spin state upon substrate binding. The amplitude increased in size upon incubation and reached a stable maximum after approximately 45 min (Fig. 5) . The slow rise in amplitude suggests that the spectral change observed may not represent a genuine substrate-binding spectrum. 
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Figure 5. Substrate-binding spectrum of P450ox with oxime as it evolves with time. Each cuvette contained approximately 3 pmol of P450. The sample cuvette contained a final concentration of 2 mM oxime. The spectra were recorded at a scan speed of 2 nm/s, and were corrected for the absorbance contribution of the substrate. spectrum with CYP51, although oxime is not metabolized by CYP51 (data not shown).
DlSCUSSlON
The strategy for the isolation of P450ox was similar to the one employed for the isolation of CYP79 (Sibbesen et al., 1994) and CYP51 (Kahn et al., 1996) from sorghum. In this approach a DEAE-Sepharose-FF/Sepharose S-100 column serves to bind these two P450s, whereas the yellow pigments do not bind. Remova1 of the pigments serves a dual purpose. It is a prerequisite for binding of P450s to the subsequent columns, and it enables assessment of the content of P450 by spectrometry (CO and substrate binding). P450ox showed a low binding affinity to the DEAE/S100 column and was essentially recovered in the run-through and wash fractions. P450ox activity was subsequently separated from the yellow pigments by a Triton X-114-based phase-partitioning procedure. Using 0.6 to 1% Triton X-114, P45Oox was found to partition to both phases in contrast to CYP79 and CYP51, which are recovered in the detergent-rich upper phase Bak et al., 1997b) . By increasíng the concentration of Triton X-114 to 6%, P45Oox was recovered from the detergent-poor lower phase, whereas the yellow pigments were present in the upper phase. The disadvantage of using 6% Triton X-114 is an increase in the conversion of P45Oox into its denatured P420 form.
Reconstitution of the catalytic activity of the isolated P450ox with NADPH-P450 oxidoreductase shows that P45Oox catalyzes the dehydration of oxime into nitrile, as well as the subsequent C-hydroxylation of nitrile to phydroxymandelonitrile. This demonstrates that P450ox, like CYP79, is multifunctional, and that the catalytic activities assigned to these two P450s account for the entire membrane-associated part of dhurrin biosynthesis. This was verified experimentally by combined insertion of CYP79 and P450ox with NADPH-P450 oxidoreductase in DLPC micelles, and by demonstrating the ability of this system to convert Tyr to p-hydroxymandelonitrile. The last step in dhurrin biosynthesis is the conversion of p-hydroxymandelonitrile to dhurrin. This step is catalyzed by a soluble UDPG glucosyltransferase that has been partially purified from sorghum (Reay and Com, 1974) . A cDNA clone from sorghum encoding the UDPG glucosyltransferase that specifically utilizes p-hydroxymandelonitrile as a substrate is not available. Therefore, in the present study a crude extract of the soluble UDPG glucosyltransferase from sorghum was used to glucosylate p-hydroxymandelonitrile and to demonstrate the in vitro reconstitution of the entire dhurrin biosynthetic pathway. Upon in vitro reconstitution, the turnover number of CYP79 is 230 min-l (Sibbesen et al., 1995) . The partia1 conversion of P450ox into its P420 form prevents determination of its turnover number. Using the microsomal system, the K, and V,,, values for p-hydroxymandelonitrile production from Tyr, oxime, and nitrile are 0.03, 0.05, and 0.10 mM, and 145, 400, and 50 nmol mg -' protein h-', respectively (Maller and Com, 1979) .
In vivo, CYP79 and P450ox may form a supramolecular complex with a fixed stoichiometry to ensure optimal availability of the oxime produced by CYP79 as a substrate for P45Oox. It has not been possible to detect the accumulation of oximes in cyanogenic plants (Tapper and Butler, 1972) . In the reconstitution studies a molecular ratio of approximately 15 between CYP79 and P450ox was used to ensure an adequate conversion of Tyr to oxime, the substrate for P450ox. When P450ox is reconstituted in DLPC micelles either in the absence or presence of CYP79, nitrile accumulates. Using microsomes, (Z)-oxime is the only intermediate that is easy to detect and equilibrates freely with exogenously added substrate. The differences between the systems most likely reflect distortions introduced by the purification procedures.
The mechanism that allows P45Oox to catalyze a dehydration as well as a C-hydroxylation reaction is not understood. P450-mediated dehydration of aldoximes to nitriles has previously been reported using liver microsomes (DeMaster et al., 1992; Boucher et al., 1994) . A major difference behveen the liver microsomal system and P45Oox is that the former requires strict anaerobic conditions, whereas the Plant Physiol. Vol. 11 5, 1997 latter proceeds aerobically and catalyzes a subsequent Chydroxylation reaction. Under anaerobic conditions a weak type I spectrum was obtained with the liver microsomes. Upon addition of NADPH or dithionite, a pronounced Soret peak at 442 to 444 nm was formed (DeMaster et al., 1992; Boucher et al., 1994) . This was concluded to represent the key active species of the P450 in the Fe(I1) state, because the formation of the 442-nm complex correlates with the ability of the bound aldoxime to be dehydrated to nitrile, and because no 442-to 444-nm complex is formed with (E)-aldoximes that are not dehydrated (DeMaster et al., 1992; Boucher et al., 1994) .
Spectral investigations of P450ox under anaerobic conditions did not disclose the formation of a 442-nm absorbing complex, but the presence of NADPH is required for catalytic activity, which indicates that P450ox also needs to be in the Fe(I1) state to mediate the dehydration reaction. Because the (E)-and (Z)-isomers of oxime are in equilibrium (Halkier et al., 1989) , it is not possible to directly measure whether both or only a single isomer serves as a substrate for P450ox. However, trapping experiments using sorghum microsomes demonstrate that in dhurrin biosynthesis, the (E)-isomer is produced before the (Z)-isomer (Fig. l) , and only the (Z)-isomer equilibrates freely with exogenously added oxime (Halkier et al., 1989) . We therefore favor the hypothesis that in vivo, the (Z)-isomer is the product of CYP79 as well as the substrate for P450ox. If this is correct, the (Z)-isomer would be the substrate for the dehydration reaction in sorghum, which is analogous to the situation in liver microsomes.
Nitrile, the product of the dehydration reaction, does not produce a substrate-binding spectrum with P450ox. This may suggest that nitrile might not be a genuine intermediate, but rather a stable form of a transition state produced directly at the active site of P45Oox in the Fe(I1) state. Therefore, the standard conditions in which initial substrate binding occurs with the P450 in the Fe(II1) state and by displacement of a water molecule may not apply to P450ox. The unique properties of P450ox may explain its extreme lability compared with the P450s previously isolated from sorghum (Sibbesen et al., 1994; Kahn et al., 1996) . P450ox has recently been cloned and heterologously expressed in E. coli (Bak et al., 1997a) . Based on the complete sequence obtained, P45Oox has been assigned the first member of the P450 subfamily CYP71E1. The reconstitution of the isolated, recombinant protein has substantiated the multifunctionality of P45Oox.
As stated in the introduction, the biosynthesis of cyanogenic glucosides involves intermediates not generally encountered in living organisms. In addition to the pathway for cyanogenic glucosides, oximes are intermediates in the biosynthesis of glucosinolates (Du et al., 1995) , and in the biosynthesis of tyrosol and tyrosol derivatives (Kindl and Schiefer, 1971) . In addition to Cyt P450s, membrane-bound peroxidases and flavin-containing monooxygenases can also catalyze aldoxime formation from amino acids (Bennett et al., 1995) . Further metabolism of the oximes occurring in these additional pathways does not involve P450ox-type enzymes.
Volatile aliphatic oximes are produced in cucumber leaves upon infection (Takabayashi et al., 1994 ). An alkaloid, 8-hydroxyquinoline-4-carbaldehyde oxime (Dehmlow et al., 1990) , and the coumarin acridone citaldoxime (Ito et al., 1990) , both containing the oxime function, are also known. 2-(p-Hydroxyphenyl)-2-oxoacetaldehyde oxime and other antibiotics containing the oxime function are produced by severa1 fungi (Amade et al., 1994) . Exogenous administration of aldoximes to plants results in their conversion into glucosides (Tapper and Butler, 1972) or sulfatoglucosides (Grootwassink et al., 1990) . None of these naturally occurring oximes are metabolized in reactions similar to those catalyzed by P45Oox. Therefore, again, the occurrence of P45Oox-type enzymes is expected to be restricted to plants (Poulton, 1990) and insects (Davis and Nahrstedt, 1987; Holzkamp and Nahrstedt, 1994 ) that produce cyanogenic glucosides. The ability to produce cyanogenic glucosides is an old trait found throughout the plant kingdom. It is interesting that cyanogenic glucosides and glucosinolates usually do not occur in the same species. The biochemical basis for this is not understood, but can be studied when in vitro reconstituted systems like the one presented here for the in vitro synthesis of dhurrin become available for glucosinolates.
The results presented in this paper demonstrate that the complex biosynthetic pathway for the cyanogenic glucoside dhurrin from its parent amino acid, Tyr, is catalyzed by just two P450s and a soluble UDPG glucosyltransferase (Fig. 1 ). This provides a biochemical explanation for the previously reported channeling of a11 intermediates in the pathway except (Z)-oxime and p-hydroxymandelonitrile (Merller and Conn, 1980) . During the biosynthesis, a11 intermediates except (Z)-oxime and p-hydroxymandelonitrile remain bound to the catalytic site of one of the two P450s. Accordingly, it may be more appropriate to consider these intermediates as stable transition states in the pathway. The involvement of multifunctional P450s reduces the number of structural genes required for reconstitution of the biosynthetic pathway. From a genetic point of view, the pathway is therefore a lot simpler than previously thought. In addition to down-regulating the pathway by antisense techniques, it is also feasible to transfer this pathway to other plants. If this is carried out using tissue-specific promoters, it may serve to increase the disease and pest resistance of selected crop plants. 
